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Abstract
As concerns about climate change increase, various efforts have focused on the reduction of greenhouse gases 
(GHG). The efficient management of energy consumption is widely studied as a possible method of reducing GHG, 
and some products that aid in this effort are already available in the market. However, present systems have 
limitations in providing information because available data are confined. These systems are designed for use in single 
homes, which make available data limited. To overcome this limitation, this paper introduces an intelligent energy 
management system based on a multi-home environment. Unlike ordinary smart home technologies available in the 
market, the proposed system shares energy consumption data with its neighbors to generate enhanced information on 
energy saving. With intelligent services delivering the enhanced information, users can understand their energy 
consumption behavior and identify problems on energy usage. The developed energy management system in this 
work gives users motivation to save energy and insight into achieving energy saving, which will help in establishing 
an efficient society. To achieve a-multi home environment, the client–server system architecture is implemented, and 
the communication module for building a network is developed. The data structure for sharing data on energy 
consumption is defined. The implemented services provided by the developed system for energy saving are as 
follows: energy consumption monitoring, remote control functionality of home appliances, and intelligent services, 
including statistics and energy consumption comparison with neighbors.
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1. Introduction
As concerns about climate change increase, the reduction of greenhouse gases (GHG) has become one 
of the most challenging global issues.  GHG is regarded as a key contributor to climate change. Given that 
a huge proportion of GHG is produced from the generation of electricity using fossil fuels [3], the 
reduction of electricity consumption in industrial and private sectors will aid in reducing GHG, ultimately 
mitigating climate change.
According to an EU report, approximately 40% to 45% of the total energy in Europe is consumed in 
buildings and homes. However, buildings and homes have a possibility of saving from 20% to 
approximately 30% of the energy that they consume [1]. Hence, GHG can be reduced via the efficient 
energy management of buildings and homes. To aid in efficient energy management, technologies have 
been and are still being developed, with some already available in the market. However, user satisfaction 
with these systems requires more improvement [2]. The information provided still lacks usefulness and is 
hard to understand [3–5]. Despite the usefulness of these systems, most of those available in the market 
provide only simple information, such as real-time monitoring of energy consumption and on/off control, 
among others. Enhanced analysis on and prediction of energy consumption is still required and needs 
improvement. To maximize energy saving, more intelligent services are necessary. To accomplish these 
necessities and improve current systems, we propose an intelligent energy management system based on a 
multi-home environment. The proposed system gathers available data not only from a single home, but 
also from neighboring homes through a client–server network. In the proposed system, usage data of 
neighboring homes are shared and used to generate enhanced information regarding energy saving.
This paper comprises four sections. In Section 2, the system architecture of the proposed system is 
described. The overall structure and components are explained. Section 3 focuses on the intelligent service 
provided by the proposed system. The intelligent services for delivering enhanced information are 
explained. The procedure for information generation is also explained. The final section concludes our 
study and discusses further improvements in the future.
2. System architecture
The key characteristic of the proposed system is that it adopts the client–server architecture (Fig. 1). 
Fig. 1. System architecture for a multi home environment
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The client–server architecture makes the sharing of data among neighbors possible. The shared data are 
used to generate enhanced information for energy saving. Similar to ordinary energy management systems 
currently available a single home has its own home gateway and wireless sensor for monitoring and 
controlling home appliances. The central server plays an important role in collecting and sharing the 
energy consumption information of each home. The home gateway and central server are connected to 
each other through the Internet, and energy consumption data are exchanged between them.
At each home, a wireless sensor and a home gateway are installed to monitor, store, and process energy 
usage information. Communication between the wireless sensor and home gateway is made possible by 
the ZigBee protocol. Detailed explanations of each component will be given in the following subsections.
2.1. Wireless sensor
The primary function of the wireless sensor is to monitor electricity consumption and transfer this 
information to the home gateway. To perform this process, a current monitoring sensor and the ZigBee 
communication module are integrated into a power strip. The electricity consumed by home appliances 
plugged into the power strip is monitored continuously. The monitored consumption data are transferred 
from the wireless sensor to the ZigBee dongle, which is connected to the home gateway via a USB 
interface. The ACS 712 Hole sensor with a 2 Bit ADC resolution is used. Data transmission is performed 
by the ZigBee protocol. To select an appropriate wireless connection protocol, various factors, such as self 
energy consumption, expendability, security, and installation cost, are considered. Among several 
alternatives, including EnOcean, INSTEON, Z-Wave, and ZigBee, the ZigBee protocol is selected and 
implemented in the proposed system for its high level of security and sufficient data transmission rate 
with low cost [6–8].
2.2. Home gateway
The home gateway is the primary component of the proposed energy management system at each 
home. This component is responsible for storing and processing data, generating information, and 
providing such information ubiquitously. To perform required functions, a home gateway comprises four 
components, namely, a database, a communication module, an application module, and a Web server 
module. The transferred data from the wireless sensor through a ZigBee dongle are stored in the database 
of the home gateway periodically (usually every two or three seconds). The communication module 
covers data transmission with both a wireless sensor and a central server. At to the request of the user or 
the central server, the requested data are extracted from the database. 
Fig. 2. System components
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The extracted data are used by an application module or transferred to the central server. A number of 
basic services, such as real time monitoring and statistics of energy consumption, among others, use only 
the local database of a home gateway. However, to generate enhanced information for intelligent services, 
the data located in the central server are required so that the transaction between the home gateway and 
central server occurs through the communication module. The Web server module plays a role in the 
interface between users and the system. Users request information on a Web browser, and the requested 
services are also provided through the Web browser.
2.3. Central server
The central server is among the key components required to realize the multi-home environment. The 
monitored data at each home are transferred and stored in the central server. To perform this process, the 
central server has a database that is synchronized with that of home gateway. The database in the central 
server has a structure that is similar to that of home the gateway, except that an additional table called 
“Household” is present to discriminate each home. The application module in the central server manages a 
database and a communication module. To synchronize the database of central server with that of the 
home gateway, the communication modules communicate with the home gateway periodically. The stored 
information on the electricity consumption of each home can be used to estimate peak energy 
consumption. However, in the proposed system, this possibility remains an open topic for further research. 
The function of the central server is limited to storing and redistributing data in the currently developed 
version.
2.4. Data structure
Given that the proposed system adopts the client–server architecture, data transmission between the 
home gateway and the server is very important. The defined tables and comprising fields of each table are 
depicted in Fig. 3. As described in the previous section, the central server and the home gateway have a 
similar data structure that needs to be synchronized. The table called “Appliances” has information 
regarding home appliances that include model name, manufacturer, and so on. The other table called 
“Power” that is connected with “Appliances” is used to record monitored electricity consumption. Given 
that the wireless sensor monitors electricity consumption every two or three seconds, updates on this table 
are very frequent. 
Fig. 3. Database structure
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The table called “Household” in the central server is an additional table used to distinguish each home. 
This table has a special field called “number of inhabitants” that records the number of people living in 
each home, which will be used to generate enhanced information.
3. Intelligent service
According to recent research on user experiences of energy monitoring systems, the information 
provided on energy usage is regarded as useful and gives users some motivation to save energy [8]. 
However, users still find it difficult to understand the provided information intuitively and to identify 
problems in their energy usage [9]. To improve user understanding and help them address problems, we 
developed an intelligent energy management system that provides intelligent services. The adopted multi-
home environment enables the system to provide enhanced information to save energy. Users can have a 
deeper understanding of their energy usage behavior, which will consequently help them reduce their 
energy consumption. The implemented services in the developed system are monitoring and controlling, 
analyzing, and recommendation.
3.1. Monitoring and controlling
Similar to conventional systems in the market, the developed system in this study has functions of 
monitoring electricity consumption in real time and controlling appliances remotely. The wireless sensor 
monitors electricity consumption continuously, and the monitored data are transmitted to the home 
gateway. The home gateway stores the data periodically. According to user preference, the application 
module in the home gateway extracts electricity consumption data from the database and displays these 
data in the Web interface continuously through a Web application (Fig. 4). To display real-time data in the 
Web browser, the Round Robin Database (RRD) Tool is used. The RRD tool is a software package that 
shows scientific data in graphical form.
Fig. 4. Web interface for user
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To control the home appliances connected to the wireless sensor, users can change the information on 
home appliances in the Web browser. The application module checks for any change and updates the 
“Status” field in the “Appliances” table. The wireless sensor checks this field periodically. Whenever any 
update is done, the wireless sensor performs its function by turning particular appliances on or off.
3.2. Analyzing
The objective of the proposed system is to provide enhanced information for users to help them 
understand their on electricity consumption behavior and determine ways to reduce such consumption. To 
perform this task, several kinds of intelligent services, such as energy consumption analysis, are 
implemented in the proposed system. Two kinds of intelligent services are defined and developed, 
namely, (1) statistics and (2) comparison.
- Statistics
Statistics is useful for understanding the overall view of electricity consumption. Users can check 
the total amount of energy consumption for a specified period. The energy consumption ratio of each 
home appliance is shown in a pie graph. Through this information, users can identify the most 
energy-consuming home appliance. To generate a pie graph, the RRD Tool implemented in the 
application module connects with the local database and extracts required data to calculate the 
electricity consumption of each home appliance. The stored electricity consumption data in the 
“Power” table are summarized and calculated as a ratio. In addition, historical electricity consumption 
is provided in a line graph so that users can check the daily electricity consumption of each home 
appliance. From the statistics service, users can gain insight into the energy consumption of each 
home appliance and consequently determine which one should be checked and focused on to improve 
energy saving.
- Comparison
Comparison is useful for finding energy consuming home appliance. The electricity consumption 
of selected home appliance is compared with similar ones owned by neighbors. By the comparison of 
electricity consumption, users can know how much their home appliance consumes energy than 
others. Hence, users can decide which option such as replacing with new one or not is profitable. In 
addition, the utility company can suggest more energy efficient one as commercial so that it can earn 
additional benefit from the home appliance companies.  
3.3. Recommendation
To maximize energy efficiency, simple information on energy consumption is insufficient for users [2]. 
To overcome this limitation, the following services have been developed and implemented: 
- Prediction
In some countries, such as Korea, the cost of energy consumption increases according to usage 
amount. As a higher amount of electricity is consumed, the cost of electricity increases, thus 
necessitating electricity consumption to be maintained under a certain level. Hence, estimating the 
amount of electricity consumption is useful. To estimate total energy consumption per month, our 
system includes a prediction algorithm in the application module. Given that the tested data show a 
stationary time series characteristic, the well-known ARIMA model is adopted to predict electricity 
consumption. Based on historical usage data of the month, the estimated total amount of electricity 
consumption for each day until the end of month is shown in a bar graph. Users can then estimate 
from which day the amount of electricity exceeds the low cost price plan and how much the cost for 
electricity will be.
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- Energy efficiency of a home
The main problem of user recognition is that users find it difficult to determine how much energy 
they “waste” at home. To help users understand their energy consumption behavior, our system 
provides an energy efficiency comparison. Energy efficiency is calculated using data on energy 
consumption per inhabitant during a specified period. Given that the total amount of energy 
consumption of each home is affected by the number of inhabitants of each household, a direct 
comparison of the total sum of electricity consumption of homes is useless. Instead, the concept of 
energy efficiency of a home is defined. The calculated electricity consumption per user is compared 
and ranked among neighbors, such that a homeowner can recognize the energy consumption 
efficiency of his or her home. Users can determine whether their energy consumption behavior is 
efficient or wasteful.
To provide this information, the stored data in the central server are transferred to the home 
gateway at the request of an application module. The calculation of energy efficiency is performed in 
the application module. The calculated data are provided by the Web browser in a bar graph. In the 
graph, all the energy efficiencies of neighboring homes are listed and ranked without divulging 
names. 
4. Conclusion
In this paper, we introduced an intelligent energy management system based on a multi-home 
environment. A multi-home environment makes the provision of enhanced information using not only one 
home but also neighboring homes possible. The shared data in the multi-home environment are used for 
the comparison of energy consumption among neighbors so that users can easily identify problems in their 
energy usage behavior. To build a multi-home environment, the developed system adopts a client–server 
architecture. The central server collects and stores energy consumption information of each home, and the 
collected data are redistributed to each home at their request to generate enhanced information. The 
communication module that performs data transmission between the central server and the home gateway 
is developed and implemented. The application module that generates enhanced information and provides 
intelligent services is also included in the home gateway. 
The developed system is successfully demonstrated in a laboratory environment. However, for the 
system to be implemented in the real market, technical issues, such as traffic management and processing 
speed, should be considered. In addition, privacy and security issues should be considered carefully. 
Through the developed system, we hope that users can gain access to energy usage information, be 
motivated to save energy, identify problems in energy consumption, change negative behavior, and finally 
achieve a more energy efficient society.
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